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Introduction
Pressure sensing is one of the most important applications of fiber optic devices in industrial and environmental safety monitoring. Various types of fiber optic pressure sensors have been demonstrated to fulfill specific pressure applications, including fiber Bragg gratings (FBGs) [1] , photonic crystal fiber (PCF) devices [2] and interferometers [3, 4] , and the pressure sensitivity achieved is typically on the order of −10 pm/Mpa. Among above mentioned configurations, the pressure sensors that are based on Fabry-Pérot (FP) interferometer have shown promising results for static and dynamic pressure measurements [5, 6] , as well as other physical and chemical parameter detections such as temperature [7] , strain [8, 9] and refractive index [10] . The FP interferometers can achieve extremely high sensitivity and flexibly demodulated in the wavelength domain [3, 4] and frequency domain [6, 8] , or simply use light intensity detection [11] .
For static pressure sensing with high sensitivity, micro-FP cavity built at the optical fiber end has been investigated intensively. A pressure sensor based on micro FP cavity commonly uses an elastic diaphragm at the fiber tip such as SiO 2 /silica, polymer, silver and graphene film [12] [13] [14] [15] [16] [17] [18] [19] [20] . The pressure sensitivity of the diaphragm-based fiber tip FP sensor is defined as the ratio of the FP cavity length variation to the pressure change, which critically depends on the size and the mechanical quality of the diaphragm employed. While a silver diaphragm with diameter of 125 μm exhibits a sensitivity of 70.5 nm/kPa [19] , a highly elastic graphene diaphragm with diameter of 25 μm has a sensitivity of 39.4 nm/kPa [20] . Obviously, the small size of diaphragm in a miniaturized sensor head imposes a limit on its sensitivity.
Here we propose and demonstrate a diaphragm-free construction of fiber-tip FP cavity sensor that breaks the sensitivity limitations imposed by the transversal dimensions of diaphragm in traditional FP pressure sensors. The sensor proposed here exhibits sensitivity of >15 nm/kPa at around 1550 nm with a wavelength interrogation scheme. Compared to the diaphragm-based sensors, extremely high sensitivity of >1000 nm/kPa can be readily achieved with this method, at least one order of magnitude higher than that of the diaphragmbased fiber-tip sensor reported so far [19, 20] .
Principle of the compressible FP cavity sensor
By immersing a single mode fiber (SMF) fusion spliced with a section of silica tube into liquid, as shown in Fig. 1(a) , a micro air bubble is naturally formed by the capillary effect at the end facet of the SMF. The air-liquid interface acts as a light reflector which, together with the air-SMF interface, forms an FP interferometer (FPI). The length (or the volume) of the FP cavity is highly sensitive to the environmental pressure. As air can be treated as the ideal gas in the pressure range between 1 and 10 bar (1 bar = 100 kPa), the behavior of the air bubble can be described by the well-known ideal gas law as:
where P , V and T are the pressure, volume and thermodynamic temperature (in K) of air in the FP cavity, respectively, n is the amount of substance of air, and R is the ideal gas constant (8.31 J·K −1 ·mol −1 ). The geometry of the air bubble in the FP cavity can be considered as a cylinder, with initial length of 0 L at normal pressure (~1 bar) and diameter of D (the same as the inner diameter of the silica tube). Thus its volume can be calculated as:
By assuming an isothermal process and substituting volume V in Eq. (1), the pressure sensitivity of the compressible FP cavity can be derived as:
where L is the cavity length under pressure P , and 0 1 P = bar is the normal pressure. It can be seen from Eq. (2) that the pressure sensitivity of the compressible FP cavity only depends on the initial cavity length and the pressure applied, and is independent of inner diameter of the silica tube, which breaks the limit imposed by the diaphragm-based sensors. With an initial cavity length of 0 100 L = μm, the pressure sensitivity of such a device is estimated to be −1000 nm/kPa at normal pressure. While for higher pressure operation, the sensitivity is still as high as −40 nm/kPa at 5 bar. 
Experiment results and discussion
In our experiments, a silica tube with inner/outer diameter of 75/127μm was used. The silica tube was fusion spliced with conventional SMFs (SMF-28e, Corning) and then cleaved at a position of tens of micrometers away from the splicing joint. The open air cavity in the silica tube was subsequently immersed into water which was filled into the tube due to capillary effect and as a result, an enclosed air FP cavity was formed as shown in Fig. 1(b) , where the lengths of the silica tube and the air cavity are 114 and 90 μm, respectively. The initial length of the air cavity, 0 L , at normal pressure, could be controlled by use of silica tube with accurate cleaved-length (an accuracy of < 5 μm can be achieved with the assistance of optical microscope). Figure 2 displays the reflection spectra of air cavities with initial lengths of 44.7, 96.8 and 142.2 μm, respectively, which correspond to the silica tube lengths of ~57, 116 and 151 μm, respectively. The fringe visibility obtained is greater than 15 dB for all the above-mentioned cavities. The fringe visibility would decay quickly with the increase of the air cavity length and for a cavity length of larger than 300 μm, the fringe visibility of less than 1 dB was obtained, owing to the curvature of the air-water interface and the lossy light guidance of the silica tube. The pressure response of the compressible FP cavity was studied by compressing the air cavities of different initial lengths. Samples were put into a water cell that connected with a nitrogen gas cylinder, and the applied pressure could be adjusted with an accuracy of 0.1 bar. Figure 3(a) shows the reflection spectra of an air cavity ( 0 411 L = μm) at 1.5, 3.0 and 5.0 bar, respectively. It can be found from Fig. 3(a) that the fringe visibility can be enhanced by increasing the applied pressure. The cavity lengths and the free spectral range ( FSR ) under different pressures are plotted in Fig. 3(b) . An averaged pressure sensitivity of 3.04 μm/kP is obtained between 1 and 1.5 bar, which is nearly two orders of magnitude higher than that of the most sensitive diaphragm-based fiber-tip sensor reported recently [19] . The pressure sensitivity can be further increased by employing an air cavity with longer initial length. The cavity length variation with pressure change is also demonstrated in Fig. 3(b) , where for an air cavity with 0 1063 L = μm, the averaged pressure sensitivity obtained is ~6.9 μm/kPa, between 1.0 and 1.3 bar. Within a higher pressure range such as 9~10 bar, the averaged sensitivity is ~161 nm/kPa, much higher than that achieved in state-of-the-art. It should be noted that while the pressure sensitivity responses nonlinearly to the environmental pressure change, the FSR of the interference pattern and the pressure employed exhibit a linear relationship. The FSR of the interference pattern at certain wavelength λ is given by 2 
By use of Eq. (1), the sensitivity of FSR to the pressure change in an isothermal process can be derived as:
which is only dependent on the inspected wavelength, λ . For 0 1 P = bar and 0 411 L = μm, the calculated sensitivity of FSR to the pressure change is ~2.92 nm/bar, which is in good agreement with that obtained in the experiment, i.e. 2.26 nm/bar, as shown in Fig. 3(b) .
The pressure sensitivity can also be defined as the wavelength shift induced by the pressure change. The dip wavelength of the FP interference fringe is given by:
, where m is a nonnegative integer and 0 ϕ is the initial phase.
According to Eq. (1), the pressure sensitivity can be derived as:
which implies that the sensitivity is independent of cavity length. Thus for an FP cavity of any length, the sensitivity is −15.5 nm/kPa at 1550 nm under normal pressure. Hence the static pressure measurement accuracy can be calculated to be ~0.65 Pa by assuming a 10-pm wavelength resolution of the optical spectrum analyzer. An air cavity with 0 113.3 L = μm was sealed into a pressure cell and examined between 0 and 4 kPa above the normal pressure. The pressure increment was monitored by an electrical pressure gauge with an accuracy of 0.1 kPa. A number of fringe wavelength dips around 1550 nm are plotted in Fig. 4 , where the linear fitting gives the pressure sensitivities of between 15.63 and 22.82 nm/kPa, slightly higher than those of theoretically predicted. This is possibly caused by the curvature of the air-water interface and the collapsing effect of the silica tube in the proximity of the splicing joint, which makes the air cavity to be cone-like shape and more sensitive to pressure than the cylinder-like air cavity. It should also be noted that external perturbation, such as thermal drifts, may lead to false signals at the sensor readout. The key perturbation for compressible FP cavity is temperature fluctuations. In an isobaric process, the temperature dependence of the proposed sensor can be derived from Eq. (1) as:
where 0 T is the room temperature, at which the cavity with an initial length of 0 L is formed. By combining Eqs. (2) and (5), the temperature induced cross-sensitivity ( TP S ) for static pressure measurement is:
By assuming an initial length of 0 100 L = μm and a room temperature of 300 K, the temperature induced cavity length change at normal pressure can be estimated to be ~333 nm/°C according to Eq. (5), and hence the temperature cross-sensitivity can be calculated to be ~0.333 kPa/°C according to Eq. (6), which is slightly lower than that of silver diaphragmbased FPI sensor [19] . For the static pressure measurement with an accuracy of >10 kPa, the pressure measurement error induced by 1°C of temperature-fluctuation could be neglected. Otherwise, temperature must be calibrated to ensure the pressure measurement accuracy.
Despite of the high pressure sensitivity achieved, there are still problems that need to be further investigated, especially for the stabilization of the air bubble and the enhancement of the interference fringe visibility at longer cavity lengths. When used vertically, the air bubble is stable at precise pressure. However, for more versatile applications, the cavity geometry should be optimized by considering the fluid dynamics behavior of water, before a stable air bubble can be maintained. This may be achieved by tapering down the silica tube at the water-entrance, or blocking the silica tube with optical gel at the water-entrance and followed by drilling a microhole by use of femtosecond laser micromachining. The fringe visibility may be enhanced by using liquids of higher refractive index or chemically treated silica tube that exhibits a flat air-liquid interface at longer cavity lengths. Moreover, hollow-core photonic crystal fibers, which exhibit lower transmission loss than that of the silica tube, can also be used to enhance the fringe visibility.
Conclusion
In conclusion, we have demonstrated a compressible fiber optic micro Fabry-Pérot cavity for pressure sensing with extremely high sensitivity. By immersing the silica tube spliced at the SMF fiber-tip into water, an air bubble is naturally formed and effectively acts as a micro FP cavity. Such an FP cavity can be compressed by environmental pressure and exhibits a sensitivity of > 1000 nm/kPa at normal pressure, which makes it ideal for pressure and acoustic sensing in gases and liquids. The compressible FP cavity is expected to have potential applications in intracranial pressure measurement, liquid-level monitoring and hydrophone sensing.
